The discovery and characterization of genes specifically induced in vivo upon infection and/or at a specific stage of the infection will be the next phase in studying bacterial virulence at the molecular level. Genes isolated are most likely to encode virulence-associated factors or products essential for survival, bacterial cell division and multiplication in situ. Identification of these genes is expected to provide new means to prevent infection, new targets for antimicrobial therapy, as well as new insights into the infection process. Analysis of genes and their sequences initially discovered as in vivo induced may now be revealed by functional and comparative genomics. The new field of virulence genomics and their clustering as pathogenicity islands makes feasible their in-depth analysis. Application of new technologies such as in vivo expression technologies, signature-tagged mutagenesis, differential fluorescence induction, differential display using polymerase chain reaction coupled to bacterial genomics is expected to provide a strong basis for studying in vivo induced genes, and a better understanding of bacterial pathogenicity in vivo. This review presents technologies for characterization of genes expressed in vivo. z
Introduction
Virulence factors that de¢ne bacterial pathogenicity were initially discovered following Koch's postulates and by mimicking the environmental conditions present in infections. In some cases bacterial genetics permitted the analysis of genes and protein products induced under these de¢ned conditions. Many virulence-associated proteins including cholera and diphtheria toxins were discovered and characterized in vitro using bacterial mutants and biochemical analysis of toxins. Expression of these virulence factors was found to be dependent upon de¢ned conditions, i.e. iron and nutrient starvation, oxygen tension, pH and stress [1] . Studies on bacterial pathogenicity using tissue culture as host de¢ned some host-pathogen interactions at the cellular level; Listeria, Shigella, and Salmonella are good examples that have been reviewed recently and are not presented here [2] . However, in vitro systems initially described did not always allow the reconstruction of exact interactions between bacteria and the host [3] .
Infection processes have been demonstrated to be coordinately regulated or stimulated by host factors encountered in vivo, and these were found to be multifactorial and dynamic. An understanding and the de¢nition of virulence evolved as we became aware that the pathogenic potential of microorganisms could not be explained by the sole contribution of one or a few so-called virulence determinants, i.e. toxins, adhesins, invasins, etc. This concept of virulence was continuously re-de¢ned by innovative approaches designed to identify and characterize genes essential for pathogenicity; several genes were found to be environmentally regulated in many pathogenic bacteria.
Bacteria such as Escherichia coli and Salmonella enterica serovar typhimurium were used as model organisms to study pathogenicity. It is not surprising then to observe that most novel molecular biology or bacterial genetic methods emerged from studies with these two microorganisms as models. Historically, there was a close relationship between the engineering of new technologies and the evolution of our understanding of bacterial pathogenicity and virulence at the level of the gene. In turn, bacterial genetics provided new insights from which to explore the biology and physiology of these bacteria. Today, these ideas, concepts and technologies of bacterial genetics and molecular biology have expanded for studies in vivo and in situ.
Bacteria used in conjunction with animal models of infections have always been a concern in studying and in de¢ning pathogenicity. Early work tended to use animal models, but this practice was greatly reduced with increasing concern for ethical, technical, and economic reasons. Although they represent a complex system in which many variables cannot be controlled, animal models still represent one of the best approaches for studying in vivo induced (ivi) genes, genes de¢ned by the process of being expressed solely in vivo. In many instances, cultured cell lines provide a simpler, more easily controlled model for investigating the host-bacterium interactions in bacterial pathogenicity, even though cultured cell lines remain an arti¢cial system with di¡er-ences when compared to`normal' cells such as tissuespeci¢c cell surface molecules acting as receptors for bacterial adhesins, low a¤nity receptors, or natural polarity of mucosal cells. Nevertheless, data obtained for intracellular pathogens are remarkable. Such limitations have been addressed with research on organ culture, and with the use of cells in primary culture [3, 4] .
In the past 5 years, new technologies have emerged to study gene regulation of microorganisms in situ, ¢lling gaps in our understanding of bacterial pathogenicity occurring in vivo. These new methods will provide the basis for understanding the possible metabolic shifts of bacteria during an infection and survival in the host. This is expected to open new avenues for the development of new antimicrobial agents, vaccines, as well as new prophylactics and therapeutic strategies.
This review focuses essentially on recent technical developments for identi¢cation and for studying bacterial genes essential for survival in vivo and their regulation. Technologies presented here focus on the study of human bacterial pathogens. However, the analysis of ivi genes and their regulation is also of interest and applicable in other areas of microbiology such as plant-pathogen interactions, bacteria-matrix interactions in bio¢lms, and bioremediation, etc. Technologies presented here can be easily modi¢ed for use in any of these systems and an overview of the latest strategies, as well as advantages and disadvantages, is given. General guidelines are provided for selecting a technology and studying gene regulation in vivo for any bacterium. We present a description of the strategies and important parameters to consider, the limitations of these methods and how such technology has contributed to the study and understanding of bacterial pathogenicity. Signi¢cant results will be presented to illustrate these methods and facilitate their applications to other biological systems.
Gene fusions and transposons
Genetic fusions have from the earliest times of molecular genetics provided an important means of analyzing basic biological systems. The basic principle of the genetic fusion approach was to put an assayable gene product under the control of another gene of interest, and thus have a means to monitor its expression. In the early 1960s, an approach using the well-characterized E. coli lac operon was used for obtaining fusions and provided many advantages in genetic selection that could be easily monitored using chromogenic substrates. Beginning in 1976, a series of publications described ¢rst in vivo and then in vitro methods for using the lac operon fused to a wide variety of genes. Methods for the construction of lac fusions could not be adapted directly to microorganisms other than E. coli or closely related organisms because the lac transcription/translation signals were not universally recognized by all bacteria; however, the concept initially thought to be generally applicable has proven true in many cases [5] . Today, a wide range of reporter genes are available for most organisms. These include the chloramphenicol acetyltransferase (CAT) and luciferase (Lux), which allow selection and quanti¢cation of di¡erent gene expression levels, and the green £uorescent protein (GFP) which allows real-time measurement of gene activity in vivo.
To generalize the gene fusion approach, genetic techniques were devised which would allow the fusion of the lac operon to any gene. Casadaban conceptualized and engineered the two bacteriophages Mu and V p1(209) as tools for the ¢rst general methods for constructing lac fusions to any target gene. The discovery of transposable genetic elements in the early 1970s provided the means to move the lac gene to any position on the chromosome. It became apparent that mobile elements demonstrated more versatility since transposons were found to exist in various life forms [5, 6] .
Transposons carrying an antibiotic resistance gene were ¢rst described in 1974 based on the observation that plasmids that acquired penicillin resistance always showed the same increase in molecular mass [7] . New methods in bacterial genetics were developed using transposons conferring drug resistance to isolate mutants and for construction of gene and operon fusions [8] .
A plethora of natural and engineered transposons became available, varying in marker selection, speci¢city of insertion, size, and polarity, but commonly based upon the well-known Tn3, Tn5, Tn10 and Tn916 derivatives. For example, a collection of widely used Tn5-derived minitransposons has been constructed that substantially simpli¢es the generation of insertion mutants, in vivo fusions with reporter genes, and the introduction of foreign DNA fragments into the chromosome of a variety of Gram-negative bacteria [9, 10] . In addition to a variety of antibiotic resistance genes as markers, several derivatives also contain lacZ, phoA, luxAB or XylE genes devoid of their native promoters located next to the terminal repeats in an orientation that a¡ords the generation of gene-operon fusions. The transposons are located on a R6K-based suicide delivery plasmid that provides the IS50r transposase tnp gene in cis but external to the mobile element and whose conjugal transfer to recipients is mediated by RP4 mobilization functions in the donor.
The initial use of Mu and transposons permitted the rapid construction of a large number of gene fusions to promoters of genes identi¢ed solely by the criterion of regulation, with no knowledge a priori of their phenotype, chromosome position, or biological function [8] . The Mu-lac fusions were used to study genetic expression of ara and mal promoters in E. coli, genes from operons responding to environmental signals. The Mu-lac system was used to characterize E. coli genes of the SOS system induced by DNA damage in the cell but not identi¢ed because of the phenotype, genes derepressed in conditions of phosphate starvation or genes expressed in stress conditions [11^13] . Genes regulated under starvation conditions were identi¢ed with this technique in S. typhimurium [14] . Genes discovered by these gene fusion methods led to the concept of coordinated gene regulation in response to signals from the environment and presumably from the host [1] .
Gene fusions to alkaline phosphatase were engineered to speci¢cally study the regulation of cell envelope proteins in response to environmental signals. One of the most popular and widely used has been TnphoA which can be inserted randomly in the bacterial chromosome and when inserted in the proper orientation and proper open reading frame, will fuse alkaline phosphatase to the amino-terminus of the protein. Cytoplasmic alkaline phosphatase was found to be unstable and requires export from the cytoplasm for folding and enzymatic activity [15] . The promoting signal can correspond to those found in periplasmic, outer membrane or cytoplasmic membrane proteins. In contrast to the Mudlac system, which will generate Lac fusions whenever it is inserted in the proper orientation into an expressed gene, the TnphoA system will generate PhoA fusions only when it is inserted into a gene encoding an extracytoplasmic protein. The use of this approach to the study of osmotically regulated genes in E. coli identi¢ed two genes already known to be inducible by osmolarity and eight other genes, designated osm. Isolation of orally attenuated S. typhimurium and Vibrio cholerae following TnphoA mutagenesis identi¢ed membrane associated virulence factors following oral infection [16] . Several advantages to the use of TnphoA allowed screening for an e¡ect of a given regulatory parameter at any step of gene expression, including transcription, mRNA processing or stability, and translational or posttranslational modi¢cations [17] .
The major restriction to all transposon-based approaches is that their use is limited to characterizing non-essential genes since insertional inactivation of an essential gene would give a lethal phenotype. Transposons creating transcriptional fusions overcome this problem. Many transposons were shown to give strongly polar mutations in operons. What was initially perceived as a limitation is now being used to probe speci¢cally for isolation of mutants and genes expressed in de¢ned conditions. Comprehensive screens and selections are needed to convert sequence data into meaningful biological information.
Genomic footprinting uses a retroviral integrase to generate a comprehensive library of mutants, each of which bears a single insertion of a de¢ned oligonucleotide at a random position in the gene of interest [18] . This mutant library is selected for gene function en masse. DNA samples are isolated from the library both before and after the selection, and the mutations represented in each sample are then analyzed. The analysis is designed so that a mutation at a particular location gives rise to an electrophoretic band of discrete mobility. For the whole library, this results in a ladder of bands, each band representing a speci¢c mutation. Mutants in which the inserted sequence disrupts a feature that is required for the selected function, ipso facto, fail the selection. The corresponding bands are therefore absent from the ladder of bands obtained from the library after selection, giving rise to a footprint representing features of the gene that are essential for the selected function. A simple system for performing transposon mutagenesis on naturally transformable organisms along with a technique to rapidly identify essential or conditionally essential DNA segments [19] , called GAMBIT, for genomic analysis and mapping by in vitro transposition was applied to Haemophilus in£u-enzae and Streptococcus pneumoniae, in which known essential genes and several open reading frames (ORF) of unknown function were detected as essential.
Two-dimensional gel electrophoresis and bacterial proteomes
Two-dimensional gel electrophoresis (2DGE) of total proteins was the ¢rst attempt to address gene expression from total cell content. Due to its high resolution, reproducibility, and sensitivity, this approach remains a powerful method for the comparative analysis and detection of proteins from bacterial cells grown in di¡erent conditions. In 2DGE, proteins are separated according to isoelectric point by electrofocussing in the ¢rst dimension and by molecular mass with sodium dodecyl sulfate electrophoresis in the second dimension; variations are also possible [20] . Since these two parameters are unrelated, it is possible to obtain an almost uniform distribution of proteins spots across a gel and in two dimensions. This technique resolved 1100 di¡erent proteins from E. coli. A protein which constitutes as little as 10 3R^1 0 3S % of total proteins can be detected and quanti¢ed by autoradiography. For example, a protein (MW 40 000 kDa) present at a concentration of one molecule per cell in E. coli would constitute 2U10 3S % of total proteins. Proteins with changes in charge caused by a single mutation could be identi¢ed. This was initially demonstrated by a single missense mutation in gene 32 of bacteriophage T4 infecting E. coli. Slight di¡erences in growth conditions of an E. coli mutant in cyclic adenosine 3P:5P-monophosphate binding protein grown in the presence of adenosine 5P-monophosphate or cyclic guanosine 3P:5P-monophosphate resulted in several quantitative di¡erences visualized on two-dimensional electrophoretograms. These experiments opened new avenues for sensitive, qualitative and quantitative analysis of gene induction in response to environmental stimuli at a high resolution [20] . The recent application of electron spray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) as tools for protein analysis coupled to gel electrophoresis has become a key to proteome approaches.
The 2DGE system has been used to compare proteins from S. typhimurium grown in vitro compared to growth in macrophages and demonstrated that a number of proteins were induced in vivo, among which GroEL and DnaK, known as immunodominant antigens in several bacterial pathogens [21] .
An alternative scheme was developed for E. coli in which detection, cloning, and mapping of a responding gene or coregulated gene in vivo was achieved (Fig. 1) . This technique employed hybridization to measure mRNA levels expressed from various regions of the chromosome by using an overlapping set of clones in V vectors. Comparisons between mRNA levels transcribed as control and in de¢ned experimental conditions allowed detection of induced or repressed genes in speci¢c conditions. The technique was applied to the study of E. coli K-12 strain W3110 grown during L-galactosidase induction with isopropyl-L-D-thiogalactopyranoside (IPTG), during the entrance of cells into stationary phase, and during anaerobic growth conditions. Growth under nutrient starvation, heat shock, or osmolarity variations were used to mimic conditions outside the animal gut. Gene expression from bacteria grown in gnotobiotic animals was compared to the gene expression levels in vitro under anaerobic conditions [21] . Mutations of genes which gave pleiotropic effects were studied in vitro to uncover the molecular mechanisms behind the adaptive responses in E. coli. Examples included rpoH, himA, topA, and crp, encoding the heat shock-speci¢c transcriptional initiation factor c QP , the K subunit of the integration host factor (IHF), DNA topoisomerase I, and the cyclic AMP (cAMP) receptor protein. Most mapped genes known to be regulated in de¢ned conditions were successfully detected. Many chromosomal regions containing undescribed genes were discovered and responded to various stimuli [22] .
One limitation of this technique was that the average insert size of a V clone in the library ranged from 9 to 21 kb; DNA inserts may contain over a dozen genes. Individual genes of a given V clone may have di¡erent activity and respond di¡erently resulting in a reduced signal. This limitation was addressed by constructing a library containing smaller inserts and such a library could ¢t on a single 80U80 plaque [22] . Instability of prokaryotic mRNA in the initial steps of the construction of a representative cDNA library can be limiting. Obviously, applicability of such genomic-based techniques now requires less effort in the construction of a representative gene library, known to be the major limiting step. Recently, the resolution and sensitivity of protein detection during expression were improved by coupling gel data and their visualization to informatics, to developments in automation, microscale sequencing and mass spectrometry. These combined methods can give a picture of total protein expression of the ge-nome, and in situ in living cells in de¢ned conditions [23] .
Knowledge of the proteome provides information on gene translation patterns, relative concentration of gene products, and the extent of posttranslational modi¢cations; this information is very di¤cult or impossible to predict accurately from the nucleic acid sequence alone [24, 25] . Proteome data from model organisms are expected to shed light on the function of genes that are revealed by genomics but with no known functions [26] .
Although this method is technically demanding, its general applicability is evident. Proteome studies have been partly completed for model organisms such as E. coli, Bacillus subtilis and Saccharomyces cerevisiae. [27] . 2DGE and Edman sequencing were combined to sequence Coomassie-stained 2DGE spots representing the abundant proteins of wildtype E. coli K-12 strains. More than 90% of the abundant proteins in the E. coli proteome lie in a small isoelectric point and molecular mass window of 4^7 and 10^100 kDa, respectively [28] . These proteome methods applied to E. coli have given the EcoCyc encyclopedia of genes and metabolism with applications to related organisms for visualizing the layout of genes, an individual biochemical reaction or a complete biochemical pathway [29] . The database allows complex computations related to bacterial metabolism including studies on the design, evolution and simulation of novel biochemical pathways. Metabolic databases are a new type of bioinformatics resource with a wide variety of potential uses including the study of bacterial metabolism expressed in vivo. [30] . The complete sequence of the E. coli genome is available as well as the sequences of various loci encoding virulence factors [31] . For ex- ample, the 35-kb locus encoding enterocyte e¡ace-ment from enteropathogenic E. coli has a G+C content of only 38.4% compared to 50.8% for E. coli; analysis of its 41 predicted ORFs in vitro and comparison to in vivo expression coupled to the proteome of E. coli would be the next obvious step in de¢ning its role in virulence [32] .
Analysis of the S. typhimurium proteome will allow rapid delineation of virulence factors when compared to E. coli, detected as novel genes/proteins amongst those in Salmonella which have no close homologs in the former. To test the feasibility of determining the proteome of Salmonella, the identities of 53 randomly sequenced cell envelope proteins have been determined by N-terminal sequencing of spots separated by 2DGE [33] . It was found that approximately 20% of these proteins had no matches in databases including E. coli. Results suggest that proteome analysis provides a useful approach for the study of Salmonella virulence.
The genome of Haemophilus in£uenzae was the ¢rst to be fully sequenced for a self-replicating organism [34] . Proteome studies have now been completed for H. in£uenzae, particularly for speci¢c phenotypes where from 303 spots obtained by mass spectrometry and 2DGE, 263 were identi¢ed as unique proteins [35] . In addition, a two-dimensional map of basic proteins was constructed [36] . Based on variety and abundance, it was found that H. in£uen-zae proteins involved in energy metabolism and macromolecular synthesis are the dominant classes. Unexpectedly, tryptophanase was identi¢ed as a highly abundant protein in strain NTCC8143 whose sequence is not present in the genome of the Rd strain. Comparative studies of the proteins from other members of the Haemophilus genus, H. parain£uen-zae, H. haemolyticus and H. parahaemolyticus identi¢ed 21^37% of the H. in£uenzae proteins which comigrated with proteins in the other isolates from the Haemophilus genus [37] . This compared with 62% and 64% comigration of proteins when H. in£uenzae strain Hi-64443 was compared with the Eagan and Rd strains. The capacity of 2DGE to investigate global interaction of gene expression was applied to the comparative analysis of superoxide dismutase (SOD) in H. in£uenzae Eagan and a knockout mutant. In addition to SOD, quantitative changes in expression of two other proteins in the SOD mutant were also detected by comparison with the parental isolate.
The proteome methods can also be applied to organisms poorly studied at the molecular level. Proteome analysis of Spiroplasma melliferum with a genome size of 1460 bp encoding 800^1000 proteins gave a reference map of 506 silver-stained and replicated protein spots [38, 39] . For the ¢rst time, proteins with close relationships to those previously determined from other species were identi¢ed across the species barrier. The levels of expression of S. melliferum gene products were determined with respect to total optical intensity associated with the visible proteins expressed in exponentially growing cells. Gene products from major families such as glycolysis, translation, transcription, cellular processes, energy metabolism and protein synthesis were identi¢ed, as well as novel proteins not present in the sequenced genomes of the closely related Mycoplasma genitalium and Mycoplasma pneumoniae. A similar method was used to study the proteome of Listeria monocytogenes obtained in di¡erent stress conditions [40] . The stress imposed with pH 4, pH 10, 0.015% SDS, 0.03% sodium deoxycholate and 4% ethanol gave a proteome analysis where more than 50% of the proteins normally synthesized by Listeria cells were repressed, and where each stress factor induced or repressed a set of novel proteins.
Proteomic contigs of Mycobacterium tuberculosis H37Rv and Mycobacterium bovis BCG identi¢ed a total of 772 and 638 proteins, respectively [41] . Curiously, a bimodal distribution was observed for proteins separated from M. bovis BCG across both molecular masses and isoelectric values. Some di¡erences in protein expression were observed between these two organisms, contrary to what may have been expected considering the high degree of similarity between homologous genes. Further analysis of both proteomes will allow more accurate diagnosis between vaccination and active tuberculosis, epidemiological studies and patient management. The interaction between the intramacrophage pathogen Mycobacterium avium and the macrophage analyzed by 2DGE using particle containing phagosomes and metabolic labeling of macrophages revealed only minor di¡erences in protein pro¢les between M. avium and IgG bead phagosomes, despite the marked di¡erences in the fusigenicity of the respective vacuoles [42] . The majority of polypeptides in the bacilli were common to both growth conditions. Despite these similarities, intracellular M. avium expresses several unique proteins, most notably one abundant 51-kDa protein. In addition, the bacterium manifests a restricted set of proteins expressed while in stasis shortly after infection. Signi¢-cant advances in genetic studies of M. tuberculosis including methods for inactivating genes, expression with reporter genes, gene transfer, gene fusion and genome sequencing have prepared a scenario for proteome analysis as well as for applications of in vivo expression technology (IVET), signature-tagged mutagenesis (STM) and other techniques described here [43] .
Proteomics was used for identi¢cation of prokaryotic developmental stages of Streptomyces coelicolor by statistical analysis of 2DGE products using cluster, principal component and correlation analyses classifying gel patterns into four distinct groups, each re£ecting a stage-speci¢c pattern of gene expression [44] . By focusing studies on phase-arrested growth as a key regulatory transition leading to secondary metabolism and a phase of renewed growth, 21 and 18 proteins were identi¢ed whose synthesis was switched on or o¡ during the transitional phase.
One of the challenges to proteome and bacterial genomics is the analysis of low molecular mass proteins. The prediction of low molecular mass proteins (small), arbitrarily de¢ned as sequences 150 amino acids in length, has been studied using the EcoGene project which identi¢es new small genes in other organisms and conserved motifs [45] . In most cases these proteins are unknown and it remains to be determined if they have a function and/or a role in bacterial survival in vivo.
Subtractive and di¡erential hybridization
Di¡erential subtractive hybridization systems have been developed to identify transcriptionally induced genes in cells that do not necessarily have a wellde¢ned genetic background. These techniques were initially developed in eukaryotic systems for the analysis of di¡erences between closely related species, genes expressed di¡erentially in di¡erent tissues, or di¡erential expression in relation to external stimuli [24^26] . Recently, these systems have been applied to prokaryotes. Although based on mRNA expression levels, these schemes di¡er considerably from well-known and widely used Northern blot, primer extension and S1 mapping techniques. In these traditional mRNA analysis methods, a speci¢c probe is required to assess expression of a known or single gene, while schemes for di¡erential expression rely essentially on random isolation of unknown and di¡erentially expressed genes. The characterization of genes that are di¡erentially expressed has been di¤cult in prokaryotes mostly because of mRNA instability and because of the technical challenge in the isolation of large amounts of high quality mRNA used for the construction of a cDNA library. Initially, libraries were screened with two speci¢c probes, referred to as di¡erential hybridization. An alternative, referred to as subtractive hybridization, was done using cDNA libraries screened with subtracted probes prepared from labeled cDNA corresponding to mRNA isolated from treated cells, and subtracted with mRNA isolated from untreated cells [26, 27, 46] .
An interesting application of di¡erential hybridization in prokaryotes was analysis of gene expression of M. avium following phagocytosis by human macrophages [49] . These experiments determined whether speci¢c genes were induced to express proteins that facilitated adaptation and survival in the phagosome. As presented in Fig. 2 , the scheme relied on the preparation of cDNA from M. avium grown in parallel in human-derived macrophages and in synthetic broth culture. Total RNA was isolated from M. avium grown in macrophages and in broth. Mycobacterial mRNA was converted to cDNA by reverse transcription. Biotin-labeled cDNA prepared from M. avium grown in broth was used to subtract housekeeping genes from the cDNA of the macrophage-derived M. avium using streptavidin-coated paramagnetic beads. After each round of subtraction, a sample of the unsubtracted cDNA was ampli¢ed, labeled, and hybridized to a cosmid library of M. avium. After three rounds of subtraction, the ampli¢ed DNA hybridized to approximately 1% of the cosmid clones under stringent conditions. Although the majority of the genes that are induced in phagocytized M. avium cells are expressed in the broth-grown bacilli, one DNA fragment that was identi¢ed encoded an mRNA that is highly speci¢c for M. avium in phagosomes. The gene(s) encoded by this sequence did not appear to be present in E. coli K-12 or M. tuberculosis. Nucleotide sequence analysis indicated codon usage typical for mycobacterial coding sequences; an open reading frame was identi¢ed as encoding a putative protein of 27 kDa with a leader peptide having a deduced protein with no signi¢cant homolog in databases.
Di¡erential genome analysis of bacteria by genomic subtractive hybridization and pulsed ¢eld gel electrophoresis was applied to Pseudomonas aeruginosa choosing two clone C isolates, one from the lung of a cystic ¢brosis (CF) patient and the other from a river habitat [50] . The subtractive method resulted in the production of a library of speci¢c sequence tags present in only one strain, while the construction of macrorestriction maps of the bacterial chromosome yielded data about the overall genome organization and the arrangement and distance of gene loci. Comparison of the physical and genetic maps and determination of the map positions of the strain-speci¢c DNA sequences reveals gross chromosomal modi¢cations, insertions, deletions and transpositional events. The 35 clones obtained from the subtractive hybridization procedure using the two clone C variants of P. aeruginosa contained inserts speci¢c for the CF isolate; the non-random distribution of the strain-speci¢c clones by macrorestriction mapping and hybridization agreed with the genomic mapping data of the two strains. Further studies should con¢rm if these regions were acquired by lateral transfer and determine their potential as pathogenicity islands.
A panoramic view of bacterial transcription can now be obtained by using high density oligonucleo- tide [51, 52] . Bacterial transcript imaging was designed on a chip containing probes for 106 H. in£uenzae and 100 S. pneumoniae genes and demonstrated the applicability of oligo arrays to global gene expression monitoring of a bacterial genome [53] . The apparent lack of polyadenylated transcripts excludes enrichment of mRNA and total chemically biotinylated RNA was used as a hybridization probe. In addition to allowing simultaneous quanti¢cation of the transcript level, the sensitivity was found to be in the range of one to ¢ve transcripts per cell and the quantitative chip results were in agreement with conventional Northern blot analysis of selected genes. Differential gene expression was studied during development of competence in S. pneumoniae in the presence or absence of a competence-stimulating peptide (CSP). Most of the 100 genes present on the chip were expressed at similar levels with lower than two-fold changes in the presence or absence of CSP. However, cinA, recA and lytA genes, present on the same operon, were induced at levels of 30-fold, 18-fold and 10-fold, respectively, in the competent strain. RNA samples were also compared for exponentially growing cells to early stationary phase cells. The genes capX and cpsADEF encoding enzymes for polysaccharide capsule biosynthesis, accC involved in long chain fatty acid biosynthesis and ftsA involved in cell division were transcribed at levels three-to eight-fold lower in stationary phase than in exponential phase. The genes nanB (neuraminidase), clpl (protease), groEL (heat shock) and riba (GTP cyclohydrolase II) were induced in stationary phase. With the increasing number of fully sequenced bacterial genomes, highly parallel methods for monitoring gene expression should provide sequence information for understanding bacterial response in an infection and studying virulence induction in vivo.
The advantage of subtractive and di¡erential hybridization compared to IVET and STM mutants is that it considerably reduces the number of genes to be analyzed and does not depend on the construction of transcriptional fusions of promoter sequences, or the use of a well-characterized mutant host strain to detect expression of transcriptional fusions. In addition, this technique does not require a clean genetic background and the re-introduction of the mutant gene back into the chromosome of the host strain as IVET does [55] . Furthermore, the use of subtractive libraries considerably reduces the number of constitutively expressed housekeeping genes and repetitive sequences. However, induced genes having a very low constitutive expression level, a transient burst of expression, or expression of genes with homology to but distinct from constitutively expressed genes may not be well represented in a subtractive library. Isolation of su¤cient amounts of mRNA even with optimal protocols is still a limiting step. This system cannot be generalized to tissue culture systems for studying in vivo interactions because many species give low concentrations of bacteria in vivo. Furthermore, upregulated genes showing a low expression level in vitro or transiently expressed genes could be missed by this method. However, this technique may be universally applicable to bacteria having minimal genetic characterization [49] .
An alternative scheme has been reported using subtraction with magnetic beads and PCR. In this scheme, PCR was used as an ampli¢cation step prior to cloning of the cDNA recovered from the subtraction. This additional step facilitated handling of small amounts of cDNA and subsequent cloning of the sequences of interest. However, it is believed that PCR preferentially ampli¢es short cDNA sequences, and sequences not capable of forming secondary structures; this could limit the representativity of a library. Because of the importance of studying genes in situ, the advantages of using PCR outweigh the disadvantages [54] .
In vivo expression technology
The IVET system allowed for the ¢rst time the study of the bacterial response to the host environment in situ using a gene expression scheme within the animal host itself for selection of genes that are speci¢cally expressed during the infection. As shown in Fig. 2 , the prototype pIVET1 and pIVET2 plasmids were built with a promoterless operon fusion of the lacZY genes fused to the purA or thyA genes downstream of a unique BglII cloning site (Fig. 3) . The synthetic operon fusion was constructed in a suicide delivery plasmid. Cloning chromosomal DNA in the BglII site resulted in the construction of a pool of transcriptional fusions driven by promoters present in the cloned DNA. The pool of fusions was transferred in a vpurA or vthyA auxotroph and selected for integration into the chromosome by homologous recombination. In the conditions prevailing in vivo, the wild-type auxotroph or recombinant strains having no functional promoters are not viable. The fusions containing a promoter either constitutive or induced in vivo allowed transcription and bacterial survival. In vivo complemented fusion strains were tested in vitro for their levels of L-galactosidase activity. Clones that contained fusions to genes speci¢cally induced in the animal model showed little lacZ expression in synthetic laboratory media, although these clones had su¤cient transcription levels to survive within the mouse [55] .
The conception of the IVET system met three important criteria. The fusions were present in single copy in the chromosome, avoiding possible complications arising from the use of plasmids or transposons. The integration of fusions by homologous recombination in the host chromosome generated a duplication of the cloned DNA in which the native promoter drove the synthetic fusion, and contained a functional copy of the wild-type gene. This duplication also assured that no polar e¡ects were present. The use of lacZY as gene reporters was demonstrated to be e¤cient in monitoring the transcriptional activity of the fusion strains in vitro in agar Fig. 3 . IVET system developed to positively select for genes induced speci¢cally in the host (adapted from [55] ). Abbreviations: bla, Am gene; lacZY, promoterless E. coli lac operon genes ; mob, mobilization functions ; oriR6K, origin of replication of the R6K plasmid ; pir, gene encoding Pi; purA, promoterless adenine biosynthesis gene; XP, cloned chromosomal DNA fragment; X , chromosomal homologue of the cloned DNA fragment.
plates with a chromogenic substrate and in vivo using £uorometry with the chromophore FDG [56^59].
The original application of IVET in a murine typhoid fever model, and for P. aeruginosa in a mouse model of septicemia, in a rat model of chronic lung infection, and in direct contact with mucins isolated from CF patients identi¢ed ivi genes encoding various known virulence factors, genes involved in intermediate metabolic pathways, and in housekeeping functions. Approximately 25^50% of genes identi¢ed as ivi had no known functions and no signi¢cant homology to sequences available in the databases [55,57,59^61] .
The IVET technology has also been used for the study of Brucella suis [62] , and Mycobacterium tuberculosis [63] . In these cases, the attP and int genes from V were part of the IVET plasmid vector for stable gene integration in the bacterial chromosome; the leuC, leuD, or leuCD gene products were used as a selection. These IVETs gave insight into the possible changes in metabolism, gene regulation, and cell surface properties that may enhance bacterial growth and infectivity in host tissues.
IVET has been expanded with a selection based on antibiotic resistance in the host rather than alleviation of nutritional de¢ciencies. In pIVET8, the cat gene encoding chloramphenicol acetyltransferase used as a selection marker is expressed as fused to lacZY. This scheme was tested in cell culture [64] but could present problems in systemic distribution of chloramphenicol and present limitations for selection of chloramphenicol resistance in certain animal models. Study of the virulence of S. typhimurium in a BALB/c model of septicemia, and in cultured macrophages for induction indicated that the isolated ivi genes encoded regulatory functions. In addition, the function of many metabolic genes may not represent their sole contribution to virulence. Thus, the host ecology was e¡ectively probed for biochemical functions via recovered ivi genes. Finally, nutrient limitation was thought to play a dual signaling role in pathogenesis in inducing metabolic functions that complement host nutritional de¢ciencies and in inducing virulence functions required for immediate survival and the dissemination of bacterial pathogens to other sites in the host [65] .
Comparable CAT-based IVET approaches have been reported for identi¢cation of novel virulence genes from Yersinia enterolitica using a mouse model; plasmids encoding CAT instead of integrating vectors have also been used [66, 67] . Since gene activation and expression is not an all or none phenomenon, the quantitative nature of CAT-based IVETs can distinguish between various levels of expression in the infective cycle. CAT-based IVETs avoided problems (e.g. read-through) linked to the high e¤-ciency of resolution with resolvase. Invasion of Henle cells by S. typhi identi¢ed promoter-containing DNA sequences that activated bacterial gene expression inside eukaryotic cells. One promoter-containing region exhibited sequence homology to c SRdependent promoter, whereas another appeared to be dependent on the stationary phase RNA polymerase subunit c s . S. typhi containing the S1 subunit gene of the pertussis toxin cloned under the control of these promoters selectively expressed the S1 subunit in di¡erent phagocytic and non-phagocytic cell lines. These results e¤ciently and selectively expressed proteins as intracellular antigens for vaccines. Since the expression of heterologous antigens is known in some cases to compromise bacterial physiology and competitiveness, it could be very advantageous in terms of the viability and e¡ectivity of a live vaccine if the heterologous genes are not expressed until the carrier strain attaches to and invades the host. Promising vaccine applications appear to be the e¤cient expression of the recombinant protein in key antigen-presenting cells such as in macrophages and in dendritic cells [67] .
Another antibiotic resistance-based IVET system (pPGIVET) is based on an operon fusion of the promoterless tetA, conferring tetracycline resistance, and galK encoding galactokinase. Although the design of this system allows its use as an ivi promoter, it was originally used to demonstrate speci¢c in vivo transcription of genes coding for adherence in the oral pathogen Porphyromonas gingivalis [68] .
The prototype IVET systems required the availability of a bacterial auxotroph; this nutritional de¢ciency needed to be supplemented in vitro and complemented in vivo by expression from the ivi promoter fused to the gene used as selection at low copy number. The pIVET1 and pIVET2 vectors have relied on the use of purA (purine metabolism) and thyA (thymine biosynthesis). Another system has been described [60] in which the products of purEK (purine metabolism) were used as selection in an adenine auxotroph genetic background. The particularity of this last system was that it relied solely on colony size rather than expresssion from a reporter gene to measure in vitro activity of gene fusions. The rationale here was that a lower activity would result in smaller colony size on minimal medium containing limited amounts of adenine. Furthermore, a three-way translational stop codon was inserted in front of the promoterless purEK selection gene to ensure the generation of transcriptional fusions instead of translational fusions that might produce non-functional fusion proteins. Application of this strategy to a neutropenic mouse infection model identi¢ed ivi genes inducible by respiratory mucus isolated from CF patients [60, 61] .
An alternative IVET relied on the use of tnpR operon fusions encoding a site-speci¢c resolvase as the selection gene and lacZY as reporter genes. In this system, the resolvase excision could be screened for and designed for identi¢cation of genes having constitutive or transient bursts of expression in vivo [69, 70] . The basis for this IVET is the pre-selection of strains carrying tnpR operon fusions which are not expressed in vitro, followed by screening for a subset of these strains that subsequently express resolvase in the host, recognized as in vivo recombinants that had deleted a resolvase-speci¢c reporter. A modi¢cation was constructed by generating gene fusions to a tnpR allele in which the ribosome binding site would be mutated to reduce subsequent levels of resolvase expression [71] . Recently, new reporter systems including sensitivity to sucrose and GFP expression have been used with this system, thus broadening the set of ivi genes isolated with higher basal levels of transcription [69] .
Plasmids were recently described (pIVET-GFP and pIVPRO) which relied on aspartate-L-semi-aldehyde dehydrogenase (asd) as a selection gene. ASD is an enzyme essential for bacterial cell wall biosynthesis in Gram-negative bacteria, and one of its endproducts, diaminopimelic acid, is absent from mammalian cells, unlike adenine or thymine which may be present (albeit at low concentrations), complement the auxotrophs and give false positive results. Unless DAP is supplemented in vitro, or ASD complemented in vivo, ASD 3 strains undergo cell lysis. The use of GFP as an alternative reporter system (pIVET-GFP) will facilitate construction of fusion libraries because of the smaller size of plasmids: pIVET1 10.3 kb, pIVET-GFP 5.5 kb. GFP can be used with automated £uorescence-activated cell sorting technology for recovery and analysis of ivi genes either upregulated or strictly induced [58] .
Overall, one minor drawback of the IVET system was that the duplication generated by integration of fusions by homologous recombination may create an unstable genetic system that went through excision or duplication at a frequency of 10 3S^1 0 3T per cell per division, giving rise to loss of the cointegrate or to an ampli¢cation artifact. Because of the antibiotic selective pressure in vitro, loss of cointegrates was not observed. However, the ampli¢cation e¡ect was observed by the presence of colonies with enhanced Lac phenotype originating from a single clone. The IVET selection inherently selects for promoters that are constitutively and highly expressed in vivo. The genes that are transiently expressed during infection could be missed. This limitation was overcome with the pIVET5 vector (tnpR-lacZY) for ivi genes having low levels or temporal burst of transcription [69] . Another limitation of the IVET system was the isolation of ivi genes dependent upon transcriptional regulation. Genes activated or regulated posttranscriptionally would not be isolated by such an approach. Importantly, e¤cient transfer of genetic material is required. Transformation, conjugation, and electroporation are known to be limited in several species of bacteria. The IVET has to be used with care in heterologous bacterial systems because transcription and translation signals of recombinant fusion may not be recognized.
Five years after the ¢rst description of the original IVET system by Mahan et al. [55] , it has already been used and proven applicable to a wide variety of microorganisms, including Gram-positives, Gramnegatives, and some fastidious bacteria including Mycobacteria. Analysis of the data generated by IVETs showed that di¡erential patterns of acquired virulence genes could distinguish di¡erent Salmonella strains and serotypes [72] Using IVETs, acquired sequences were identi¢ed from S. typhimurium that were distinct within and between Salmonella serovars. Analysis of over 100 ivi genes had previously shown that approximately 25% of these had no sequence homologs in databases. Sequence analysis of at least 10 of these`unknown' genes showed that they could be mapped into six di¡erent regions of the chromosome; several of these genes had an atypical base composition. Removal of a portion of these regions in the chromosome conferred a virulence defect in strains tested in animal models with a competitive index assay. These data will undoubtedly contribute to a better understanding of the disease manifestation, host range, as well as new avenues and hypotheses on the evolution of species, and on the acquisition by horizontal transfer of virulence determinants associated with mobile genetic elements such as phages, insertion sequences, and pathogenicity islands that contribute to the ¢tness of a speci¢c pathogen within its host [72] .
IVET was applied to Staphylococcus aureus using a promoter trap that relies on genetic recombination of the site-speci¢c resolvase of tnpR from gamma delta (Tn1000) as a reporter gene expression [73] . A collection of 45 genes were found induced during infection in a murine renal abscess model. Of these, only six had been known previously; 11 others have homology to known non-staphylococcal genes. The known staphylococcal genes included agrA, a key locus regulating numerous virulence products; and a glycerol ester hydrolase which may enhance bacterial survival in abscesses. Many of the ivi genes identi¢ed were not classical virulence factors but rather are involved in adaptation to the in vivo environment; knowledge of these biochemical pathways is clearly the next phase in IVET systems.
Signature-tagged mutagenesis
Several di¡erent approaches have been used to exploit transposon mutagenesis for the isolation of bacterial virulence genes. Comprehensive screening of bacterial genomes for virulence genes has not been possible because of the inability to identify mutants with attenuated virulence within pools of mutagenized bacteria and the impracticability of separately assessing the virulence of each of the several thousand mutants necessary to screen a bacterial genome. These limitations were circumvented by developing a transposon mutagenesis system termed signature-tagged mutagenesis in which each transposon mutant was tagged with a di¡erent DNA sequence, or tag [74] . This tag allowed the identi¢cation of bacteria recovered from hosts infected with a mixed population of mutants as well as the selection of mutants with attenuated virulence. The ability to respond to various stimuli and to regulate gene expression to counteract disadvantageous conditions such as host defense or nutritional deprivation is important for virulence; as such STM represents a whole genome scan for habitat-speci¢c genes [75] . As presented in Fig. 4 , STM was used to identify virulence genes from S. typhimurium in a murine model of typhoid fever. The tag is prepared as pools and included variable central regions prepared as oligos and £anked by arms of invariant sequences. The central region sequences were designed with su¤cient variability to ensure that the same sequence should occur only once in 2U10
IU molecules. The complex mixture of double stranded DNA tags was generated by oligonucleotide synthesis and PCR. Each tag comprises a di¡erent sequence of 40 bp ([NK] PH ; N = A, C, G, or T; K = G or T). The arms were designed so that the ampli¢cation of the tags in PCR reactions ampli¢ed with speci¢c primers would produce probes with 10 times more label in the central region than in each arm. The double stranded tags were ligated into the mini-Tn5 Km2 transposon and transferred from E. coli to S. typhimurium by conjugation. A library of 1510 exconjugants resulting from transposition events was stored in microtiter dishes. Twelve pools of inoculum, each comprising 96 di¡erent sequence-tagged insertion mutants, were screened for attenuated virulence by intraperitoneal injection in BALB/c mice. Bacteria were recovered by plating spleen homogenates on synthetic medium, and DNA extracted from pools of infection. The tags present in these DNA samples were ampli¢ed and labeled by PCR, and colony blots were probed and compared with the hybridization patterns obtained with the use of tags ampli¢ed from the inoculum as a probe. Twenty-eight mutants with attenuated virulence were identi¢ed by use of tags that were present in the inoculum in vitro but not in bacteria recovered from infected mice in vivo. Thirteen of the mutations were in previously identi¢ed S. typhimurium virulence genes, six were in homologs of known genes of S. typhimurium and other bacteria, and nine were in sequences without similarity in databases [74] . STM and mapping of the insertion Fig. 4 . STM used for simultaneous identi¢cation of S. typhimurium virulence genes based on transposon mutagenesis and negative selection (adapted from [74, 75] ). Abbreviations and symbols : P, primers ; Kp, KpnI; H, HindIII; I and O, ends of mini-Tn5; Km, kanamycin resistance gene ; *, labelled tag. points in the S. typhimurium chromosome identi¢ed the 40-kb SPI2 pathogenicity island encoding the components of a new type III secretion system. Further analysis con¢rmed that the virulence of SPI2 mutants was e¡ectively attenuated in two animal models [76] .
STM has been used to study virulence-associated genes from Proteus mirabilis using a mouse model of urinary infection, from V. cholerae in a suckling mouse model of infection, from S. aureus in three animal models and from P. aeruginosa in a rat chronic lung infection model [77^80] . STM of S. aureus with Tn917 was used to screen 1248 mutants in pools of 96 clones in a murine model of bacteremia and resulted in the provisional identi¢cation of 50 mutants; their subsequent individual analysis con¢rmed attenuated virulence [79] . DNA sequence analysis of regions £anking insertion endpoints revealed that approximately 25 of these genes have no known function; the remainder are involved in nutrient biosynthesis and cell surface metabolism. It was concluded that many components of the S. aureus cell surface are critical for the survival and replication of this pathogen in the blood. Comparing the pro¢les of attenuated mutants obtained with different models of infection such as endocarditis, osteomyelitis, soft tissue abscesses, pneumonia and arthritis with those of the bacteremia model should identify genes required for speci¢c S. aureus infections as well as those for more than one type of infection. In another S. aureus STM analysis, pools of S. aureus Tn917 mutants were screened in mouse abscess, bacteremia and wound infection models for growth attenuation after in vivo passages [81] . When compared to wild-type, one of the mutants identi¢ed displayed a 10-fold attenuation following screening in all three animal models. Sequence analysis showed 99% identity to the high a¤nity proline permease (putP) gene characterized in another strain of S. aureus. Transduction of the putP mutation into another S. aureus strain displayed attenuated virulence in vivo. These results suggested that proline scavenging by bacteria is important for in vivo growth and proliferation and that analogs of proline may serve as potential antistaphylococcal therapeutic agents.
STM was used to conduct a screen of random insertion mutations that a¡ect colonization in the suckling mouse model for cholera [78] . Of approximately 1100 mutants screened, ¢ve had insertions in one of the 15 TCP biogenesis genes; insertions were also found in lipopolysaccharide, biotin, purine biosynthetic, homologs of phosphate transfer genes and insertions in novel genes; all of these caused colonization defects in V. cholerae. Some of the mutant strains were initially identi¢ed as attenuated when infected as one of a pool of 48 but were non-infected as one of two competing strains, suggesting that V. cholerae strains would show in vivo attenuation if inoculated in lower numbers. Thus, STM will lead to a better understanding of the processes by which V. cholerae establishes a successful infection in the host.
Screening of 480 miniTn5-Gm mutants of P. aeruginosa in pools of 48 identi¢ed mutants attenuated for virulence in a murine groin abscess model [82] . The majority of mutants were con¢rmed for virulence attenuation when tested individually in the groin model, while DNA sequencing identi¢ed insertions in popB and pscK, both encoding part of the type III secretion system. An alternative method of STM was applied to P. aeruginosa strain PAO1 using miniTn5-Km, but based upon a simpler library construction using 12 unique tags with clone pools and PCR screening rather than hybridization [80] . In vivo screening of clones was done in a rat chronic lung infection model, while attenuation of virulence was con¢rmed by intraperitoneal injection in a mouse model and calculation of the infectivity index of attenuated mutants. This double screening strategy identi¢ed 14 clones, while the infectivity index identi¢ed two mutants with 10-fold attenuation. Sequencing of insertion endpoints identi¢ed several ORFs with no homologs in databases and a homolog to ftsX.
There are two factors in STM that restrict the complexity of pools of di¡erent mutants for use as inocula in infection studies. As the complexity of the pool increased, so did the probability that some virulent mutants would not be present in su¤cient numbers in vivo to produce enough labeled probe for hybridization analysis. In the hybridization step of STM, the quantity of labeled tag for each transposon was inversely proportional to the complexity of the tag pool, so that there was a limit to the pool size above which hybridization signals became too weak to be detected by autoradiography. These lim-itations have been solved by ¢rst restricting the tag complexity to 12, 24, 48 and possibly 96 unique oligonucleotide sequences that do not cross-hybridize. Pooling of clones from each tag library is only limited by redundancy in insertions. Hybridization is time-consuming and demanding but has now largely been replaced by PCR [83] . In theory, STM was designed to ¢nd a general applicability to other animal and plant pathogens. The recent modi¢cations and rapid evolution of STM technology now make general applicability feasible.
Di¡erential £uorescence induction (DFI)
To explore the genetic basis of intracellular survival of S. typhimurium, a genetic selection was designed to allow identi¢cation of genes that are di¡erentially expressed within murine macrophages [84] . DFI utilized a £uorescence-enhanced GFP and a £uores-cence activated cell sorter (FACS) to separate bacteria or infected cells on the basis of GFP £orescence [85] . In the original application, the technique was used to screen a S. typhimurium library for promoters that are upregulated at pH 4.5. Macrophage-like cell lines were also infected with the same library of S. typhimurium bearing random gene fusions. Cells that became £uorescent due to their association with a gfp-expressing S. typhimurium were collected by FACS. These bacteria were recovered, grown in the absence of cells and sampled by FACS. Bacteria that were no longer £uorescent in the extracellular environment were sorted and used for a second round of macrophage infection. S. typhimurium present within these £uorescent macrophages contained gfp fusions that were upregulated in the host's cell intracellular environment. A partial screen identi¢ed 18 macrophage-inducible promoters. Approximately half the genes isolated showed homology to genes previously described. A subset of these genes had been reported either to be upregulated intracellularly or to be important for in vivo survival [86, 87] .
One of the advantages of DFI is automation for initial screening compared to manual screening. Another advantage is that DFI allows the study of upregulation as opposed to on-o¡ types of gene induction.
Di¡erential display using arbitrarily primed PCR
Di¡erential display approaches can be used to quantitate environmental stimuli on bacterial gene expression [88] . Arbitrarily primed (AP) PCR can identify di¡erent gene expression levels between well-de¢ned conditions [89, 90] . RNA arbitrarily primed PCR (RAP-PCR) provided a complex phenotype re£ecting changes in the abundance of hundreds of mRNAs simultaneously and under various conditions. The analogy with 2DGE for proteins is quite obvious [91^94] . As shown in Fig. 5 , RAP-PCR was based on initial synthesis of the ¢rst strand DNA from an arbitrary primer at those sites in the RNA that best matched the primer. Second strand synthesis was achieved by arbitrary priming where the primer found the highest matches. Poorer matches at one end of the ampli¢ed sequence could be compensated for by very good matches at the other end. These two steps resulted in a collection of DNA molecules that were £anked at their 3P and 5P ends by the exact sequence (and complement) of the arbitrary primer. These in turn served as templates for high-stringency PCR ampli¢cation. Although the intensities of di¡erent bands within the same ¢ngerprint vary, the intensity of a band between ¢ngerprints appears to be proportional to the concentration of its corresponding template or mRNA [94] . A complete pattern of all mRNAs expressed in a particular cell is possible using a reasonable number of primer pairs [61] . Di¡erential display using AP-PCR generally consists of six steps: (1) isolation of mRNA; (2) reverse transcription in fractions using a de¢ned set of primers; (3) ampli¢cation of cDNA species from each fraction using a set of arbitrary primers; (4) electrophoretic separation of the resulting fragments; (5) reampli¢cation of fragments that are di¡erent between two conditions, cloning and sequencing; (6) con¢rmation of di¡er-ential expression by an independent RNA analysis technique.
Disadvantages of di¡erential display include labor-intensive and time-consuming performance, and the requirement for labeling multiple probes corresponding to the di¡erentially displayed cloned candidates [95] . Di¡erential display presents several advantages compared to the alternative methods of subtractive hybridization, di¡erential screening, or 2DGE: it allows simultaneous display of all di¡er-ences in mRNAs, it detects upregulation and downregulation at the same time, it allows comparison of more than two situations, and it is technically faster [89] .
The cDNA representational di¡erence analysis
This method combines an in-solution di¡erential hybridization approach with PCR ampli¢cation steps to isolate sequences unique to one out of two samples. The original technique was applied to comparing genome diversity between Neisseria meningitidis and Neisseria gonorrhoeae. Other methods depending on the use of arbitrary primer systems were successfully applied in isolating adherence induced genes from E. coli, stress induced sequences from S. typhimurium and host induced transcripts of Legionella pneumophila [88] .
The e¡ect of mRNA abundance on the e¤ciency of sampling by RNA ¢ngerprinting was a problem typical to most AP-PRC methods. Nested RAP-PCR was designed to normalize the ¢ngerprint with respect to mRNA abundance. The strategy was very similar to standard nested PCR methods, except that the internal sequences ampli¢ed were not known a priori. In this method, the ¢rst RAP-PCR ¢ngerprint was further ampli¢ed at high stringency using a second nested primer having one, two, or three additional arbitrarily chosen nucleotides at the 3P end of the ¢rst primer sequence. Since there were more mol- [47, 48] (adapted from [92] ). A: Ampli¢cation of di¡eren-tially expressed genes using arbitrary primers from mRNA template isolated from bacteria grown in di¡erent conditions. B : Electrophoresis of PCR-ampli¢ed products allowing detection and identi¢cation of induced/repressed genes.
ecules of low abundance in the background, most ampli¢ed products obtained by the high-stringency nesting step should have originated from the lowabundance, high-complexity class [95, 96] .
So far, di¡erential display based on AP-PCR has been adapted for the identi¢cation of genes regulated by antibiotics in P. aeruginosa found in sputum of CF patients [97] . AP-PCR was used for the study of gene expression in Enterococcus faecalis grown under aerobic and anaerobic conditions [98] , and is currently used to study virulence associated genes from Streptococcus mutans (D. Cvitkovitch, University of Florida, personal communication), and for ivi genes from two oral pathogens Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis (A. Progulske-Fox, and J.D. Hillman, University of Florida, personal communication).
Obviously, di¡erential display is not restricted to well-characterized bacteria and genetic systems from Gram-negative and Gram-positive bacteria. AP-PCR is limited by the lower stability of prokaryotic mRNA, and by the relative concentration of target mRNA. AP-PCR currently allows rapid and direct puri¢cation of di¡erentially expressed genes using Gel Scan with the automated gel sequencing apparatus for the rapid separation of PCR products.
Concluding remarks
The basic techniques to develop new systems for the study of in vivo expressed genes in bacteria were actually in place as early as 1985 (Table 1) . The fundamental work with phages Mu, V, and transposons combined with gene fusion technologies provided the bacterial genetics that would yield general methods for constructing transcriptional gene fusions to any target gene as reviewed here with IVET, DFI or STM. Bacterial genetics produced the methods to study genetics of regulatory systems, especially with genes that gave no visible phenotypes. 2DGE of proteins coupled to informatics for analysis of separated proteins and automation of the method can now compare proteins simultaneously in response to a single or a combination of speci¢c stimuli in vitro or in vivo. 2DGE has now advanced into proteomes particularly in the ¢eld of bacterial proteomics. Subtractive hybridization coupled to PCR allows identi¢cation, cloning, and characterization of induced and/or repressed proteins in situ, and studies of genes selected in vitro compared to in vivo.
It is apparent that with IVET, STM, AP-PCR and DFI, we have entered a new era for studying genes expressed or mostly induced in vivo, some of which are crucial in host-bacteria interactions. Bacterial pathogenicity can now be studied in situ at the genomics and proteomics levels and in real time. These new methods will undoubtedly lead to unexpected and stimulating insights which in turn promise new approaches to ¢ght bacterial infections. Recent advances in bacterial genomics, particularly with the advent of available sequences of more than 50 bacterial genomes, technologies for large DNA fragment manipulations, and miniaturization and automation of techniques support this view. The frequent recovery of so called housekeeping genes, when probing for virulence genes, and for genes presumably essential for survival in vivo, could motivate the general acceptance of a more global de¢nition of a virulence factor. Survival and persistence of the infective bacterium within its host may be the most important virulence determinant when the production of a speci¢c set of classical virulence factors is not obvious, as is the case for various pathogens, and speci¢cally for certain opportunistic microorganisms.
One redundant problem ¢nally arises from the fact that these new schemes still rely on animal models, with the limitations that such models may impose. Only a few exceptions exist where in vivo gene expression and regulation can readily be probed directly in human infections. There is growing interest in modifying certain approaches described so far to allow in vivo gene expression probing directly from human subjects. Such an approach is currently under investigation for the periopathogens P. gingivalis and A. actinomycetemcomitans (M. Hand¢eld, A. Progulske-Fox, and J.D. Hillman, unpublished data).
